A Clcurrent (Ic') induced by isoproterenol (ISO) has been identified in isolated guinea pig ventricular myocytes.
absence of PMA or other interventions, the steady-state current-voltage relation of patches maintained for more than 40 minutes was unchanged over a voltage range from -100 to +80 mV. This suggests that the present findings are not complicated by the development over time after patching of a steady-state Ici, similar to the findings reported for canine atrial myocytes. When induced by PMA, ICl was noninactivating and outwardly rectifying; it reversed polarity at approximately the equilibrium potential for Cl-and was sensitive to P5 rotein kinases are thought to be importantly involved with the regulation of several sarcolemmal ion channels in the mammalian heart. For example, it is well established that 8-adrenergic agonists can alter the electrophysiological activity of L-type Ca2' channels and of delayed rectifying K' channels. These effects appear to involve phosphorylation of channel proteins mediated via an activation of the cAMP-dependent protein kinase A (PKA). [1] [2] [3] [4] Recently, Clcurrent (I), which can be induced in response to f-adrenergic stimulation with isoproterenol (ISO) and which exhibits noninactivating outwardly rectifying properties, has been identified in isolated guinea pig ventricular myocytes. [5] [6] [7] [8] [9] This ISOinduced current is mimicked by the I0 elicited by myocytes during exposure to forskolin (FSK) or intracellular dialysis with the catalytic subunit of PKA. It can be inhibited by the /-adrenergic receptor blocker propranolol and by the Clchannel blocker 9-anthracene carboxylic acid (9-AC).5 Taken together, these findings suggest that nisms involving PKC. The initial attempts in guinea pig ventricular myocytes to determine whether Ic, could be induced by phorbol ester acting through a mechanism involving PKC apparently were difficult to decipher because of the small size of the currents.12 However, the current that could be elicited in response to extracellularly applied phorbol ester was found to exhibit an essentially linear Cl-current-voltage (I-V) relation. 13 In contrast, the phorbol 12,13-dibutyrate-induced Ic elicited by guinea pig myocytes dialyzed with the a-isozyme of PKC purified from rat brain or cloned from rabbit brain was outwardly rectifying and said to be similar to but not identical to the PKA-activated ICI-12 However, the evidence either for or against the notion of the PKA-activated channels and the phorbol ester-activated channels being the same set of channels was not persuasive. 12 Recently, we reported preliminary findings suggesting that a time-independent, Cl--dependent background current can be induced in isolated feline ventricular myocytes by activating the endogenous PKC with either phorbol ester or phenylephrine. 14, 15 The 134 Circulation Research Vol 75, No 1 July 1994 feline PMA-induced Ici, although being at least an order of magnitude larger than that in guinea pig myocytes, closely resembled the ISO-induced PKAdependent Ic, previously described for guinea pig ventricular cells. [5] [6] [7] [8] [9] We have investigated this feline PKCdependent current further and found that analogous to the similarity between the cardiac Ic, in guinea pig mediated by PKA and that mediated by exogenous a-PKC,12 it closely resembled feline PKA-mediated Icl.
Two hypotheses were addressed: (1) The PKC-dependent current is Icl. (2) In cat ventricular myocytes, the PKA-and PKC-dependent Ic, are similar or even identical to each other. The results are consistent with both hypotheses and suggest that feline cardiac Icis can be regulated by either or both of the PKA-and PKCdependent pathways and that both the phorbol 12myristate 13-acetate (PMA)-induced lcI and the ISOinduced lc, are conducted by a single type or set of Clchannels.
Materials and Methods Preparation of Myocytes
Feline left ventricular myocytes were obtained using the enzymatic isolation method of Silver et al,16 as modified by our laboratory.17 In brief, the heart was rapidly excised, rinsed, and retrogradely perfused through the aorta with Ca2`-free modified Krebs-Henseleit buffer (KHB) solution at 37°C. KHB solution containing (mmol/L) NaCl 130, KCI 4.8, MgSO4 1.2, NaH2PO4 1.2, NaHCO3 25, and glucose 12.5 was equilibrated with 95% 02/5% CO2. After 2 to 3 minutes of perfusion with Ca2+-free KHB, the heart was perfused with recirculating collagenase-containing (class A, Boehringer Mannheim Corp) Ca2+-free KHB solution for --20 to 25 minutes. The left ventricle was then removed and minced with scissors; the minced ventricle was then incubated in a shaker bath for~:=6 minutes in collagenase-containing Ca 2k-free KHB solution at 37°C. The isolated cells were harvested and incubated at 37°C in KHB solution containing 1 mmol/L Ca2' and 1.0% bovine serum albumin (Sigma Chemical Co) for 15 minutes and then stored in HEPES/Hanks' medium (GIBCO Laboratories) for use in electrophysiological experiments during the next 12 to 24 hours.
Voltage-Clamp Technique
Whole-cell membrane current was measured using the whole-cell voltage-clamp technique.18.19 Suction pipettes were made from borosilicate glass capillary tubing (internal diameter, 0.8 to 1.1 mm; Kimble Products) by use of a microprocessor-controlled micropipette puller (model P-87, Sutter Instrument Co). Pipettes filled with internal solution exhibited resistances between 1.0 and 2.0 MQi. Electrode voltage was referenced to 0 mV with the pipettes immersed in a puddle of internal solution connected to virtual ground via a 3-mol/L KCI agar bridge. Recordings were made with the cell bath chamber connected to virtual ground via the 3-mol/L KCl agar bridge. When electrodes were subsequently placed in the grounded cell chamber perfused with external solution, liquid junction potentials ranged between -7 and -10 mV; data were not compensated for this voltage offset. Whole-cell current was recorded using an Axopatch 200 amplifier and PCLAMP software (Axon Instrument, Inc). Voltage-clamp pulses were applied to the patch electrodes, and the cell interior was clamped to selected voltages between -100 and + 80 mV referenced to 0 mV. Currents were filtered at a frequency of 5 KHz, recorded digitally, and stored on the hard drive of a microcomputer (Zeos 486, Zeos International LTD) for later analysis. Series resistance was >90% compensated for by means of a feedback circuit that adds a portion of the current output to the command pulse.
Quantification and Data Analysis
Current was measured with respect to zero current level. Steady-state current was taken as the level measured at the end of a 100-millisecond test pulse. Cellular membrane capacitance (C) was calculated by the equation C=Q/V, where the total charge (Q) moved during a 10-mV depolarizing pulse (V) was calculated by integrating the area under the capacitive transient recorded in the absence of any series resistance compensation. For most experiments, when a test intervention was made, each cell served as its own control, and paired statistical comparisons were done. However, in some cases a paired paradigm was technically too difficult to accomplish, so group comparisons were made. In all cases, whole-cell current was normalized by the membrane capacitance to account for variation in cell size in order to report mean data. I-V relations are reported as mean+SEM, and the number of trials (n) will be indicated in the text or the appropriate legends. Statistical significance was evaluated using Student's t test for the null hypothesis. Differences were significant at Pe.05. In contrast, to conclude identity, P>.4 was required.
Solutions, Drugs, and Chemicals
Unless otherwise indicated, the extracellular (ie, external) solution consisted of (mmol/L) NaCl 126.5, KCl 5.4, CaCI2 2.5, MgCl2 0.53, CsCl 10, BaCl2 0.5, CdCl2 0.5, 3,4-diaminopyridine 1.0, glucose 5.5, and HEPES 5.5; the pH was adjusted to 7.4 with NaOH. Likewise, the intracellular (ie, internal) solution contained (mmol/L) potassium glutamate 130, NaCl 10, dipotassium ATP 5.0, MgCl2 1.0, KH2PO4 1.0, CsCl 10, EGTA 5.0, and HEPES 5.0; the pH was adjusted to 7.2 with KOH. [Cl-]i was adjusted in some experiments by equimolar replacement of potassium glutamate with KCI. All experiments were performed at 32+0.5°C by use of -'1.5-mL bath chamber perfused at~'2 mL. min'.
Staurosporine, calphostin C, FSK, 1,9-dideoxyforskolin (ddFSK), PMA, and 4aand 4,8-phorbol were purchased from Sigma Chemical Co. 9-AC (Aldrich Chemical Co, Inc) was prepared in 100% dimethyl sulfoxide (DMSO) to make a 0.1 mol/L stock solution. Staurosporine, PMA, and the 4aand 4/3-phorbol were dissolved in 100% DMSO to make 10 mmol/L stock solutions. FSK and ddFSK were dissolved in 95% ethanol to make a 10 mmol/L stock solution. Calphostin C (Calbiochem) was dissolved in 100% DMSO to make a 0.5 mmol/L stock solution. These stock solutions were added to internal or external solutions as needed to make the desired concentrations of these compounds. Control experiments indicated that DMSO in concentrations up to 0.1% had no effect on either the background current or the ISO-induced current elicited by 100-millisecond voltage pulses to membrane potentials between -100 and +80 mV from a holding potential of -40 mV. Ethanol at 0.1% also had no effect on the background current or ISO-induced currents. Therefore, when used in these concentrations, the solvents did not appear to affect the results of the present study.
Results
To enable the nature of the PKC-dependent Ic, to be studied with minimal interference from other possibly confounding components of the whole-cell membrane current, those currents that could be selectively blocked or inactivated without interfering with lci were either blocked or inactivated. Na+ current (INa) was inactivated by setting the holding potential at -40 mV. L-type Ca2' current (Ic,) was blocked by external application of 0.5 mmol/L Cd2`. The presence of Cd2`would also act to inhibit most of any residual INa that failed to be inacti- malized to the control magnitude) elicited by 100-millisecond pulses to +50 mV from a holding potential of -40 mV and recorded 0, 20, 30, and 40 minutes after a 10-to 15-minute period for stabilization of the gigaseal and the access resistance to the patch; B, 1,, vs membrane voltage curves (obtained at the above-stated times) showing that no change occurred over the voltage range between -100 and +80 mV during the period from 0 to at least 40 minutes after the 10-to 15-minute stabilization period. These data serve as time controls for the agonist-and antagonist-sensitive currents to be presented subsequently in the form of subtraction currents and suggest that feline cardiac myocytes do not elicit any detectable swelling-dependent Clcurrent such as that reported to occur in canine atrial myocytes.20 adding 10 mmol/L Cs+ to both internal and external solutions and by adding 0.5 mmol/L Ba2+ to the external solution. These conditions were intended to restrict any changes in the membrane current to change in only those components left unblocked or not inactivated. Ic, elicited after exposure to inducers (eg, PMA, FSK, and ISO) could be identified by its noninactivating timeindependent nature (see Fig 2) and by its sensitivity to the transmembrane [Cl-] gradient and to 9-AC, the Clchannel blocker. [5] [6] [7] Because the results presented below are heavily dependent on the analysis of so-called subtraction currents that are obtained by subtracting a "control" or preintervention current from the current obtained after an intervention (ie, exposure to an agonist or antagonist drug), which took some time to develop (eg, PMAor ISO-induced current or 9-AC-sensitive PMA-induced current), the effect of time on the steady-state I-V relation was examined to determine if such a timedependent intervention-independent current needed to be accounted for to interpret the subtraction currents correctly. The results shown in Fig 1 demonstrate that in patches maintained for periods of 40 minutes or more after an initial 10to 15-minute period to allow the patch and intracellular access resistance to stabilize, time alone in the absence of PMA or other intervention had no significant effect on the steady-state I-V relation over a range from -100 to + 80 mV. In addition, currents obtained during pulses to +50 mV from a holding potential (Vh) of -40 mV elicited 40 to 60 minutes after gaining intracellular access during "timecontrol" experiments exhibited no detectable component of 9-AC-sensitive current (n=3, data not shown), suggesting that the findings obtained during typical experiments lasting 30 to 50 minutes are not complicated by the development of an appreciable timedependent (or swelling-dependent) steady-state cur-rent, similar to findings reported for canine atrial myocytes.20
Phorbol Ester Induces a Noninactivating, Outwardly Rectifying Current
When feline ventricular myocytes were exposed to PMA, the steady-state "background" membrane current elicited by 100-millisecond step depolarizing pulses from Vh of -40 mV to positive test potentials (eg, + 20 mV) gradually increased in the outward direction, reaching a steady-state level within 15 to 20 minutes. The steady-state effect of 6 ,umol/L PMA on the background current is depicted in Fig 2, which shows families of currents elicited by 100-millisecond voltage pulses from Vh of -40 mV to membrane potentials ranging from -100 to +80 mV before exposure (a) and during 20 minutes of exposure (b) extracellularly to PMA. After exposure to PMA, there was an increase in the steady-state current that was most evident at membrane voltages positive to +40 mV. Examination of the time course of the evoked current shows that it reached the steady-state level rapidly (within 2 to 3 milliseconds) and did not waiver (ie, inactivate) from this level for periods of up to 1 second at any voltage in the range of -100 to +80 mV. Inward steady-state currents elicited by hyperpolarizing to voltages negative to -40 mV were smaller than the outward currents elicited by comparable depolarizing pulses, suggesting that the PMA-induced current should display an outwardly rectifying I-V relation.
The PMA-induced current, obtained by subtracting the current obtained before exposure to PMA from the current tracings obtained during exposure to PMA (6 ,umol/L, 20 minutes), and its mean I-V relation are shown in Fig 2Ba and 2Bb . The PMA-induced current was noninactivating (Fig 2Ba) and outwardly rectifying, with a reversal potential (Erev) at -43 mV (Fig 2Bb) . A shows membrane current elicited by 100-millisecond voltage-clamp pulses from a holding potential of -40 mV to selected membrane potentials ranging between -100 and +80 mV before (Aa) and during (Ab) exposure to 6 ,umol/L PMA; B, PMA-induced current (PMA-control [Con], Ba) obtained by subtracting the currents before exposure to 6 ,mol/L PMA (Aa) from the corresponding currents during exposure to PMA for 15 to 20 minutes (Ab) and (Bb) the mean (n=8) current-voltage relation for the PMA-induced current in response to extracellularly applied PMA (6 ,gmol/L for 15 to 20 minutes). [Cl-l] and [Cl-], were 22
and 150 mmol/L, respectively (equilibrium potential for Cl-, -50 mmol/L). Data are plotted as mean±SEM (depicted by "T" bars). Temperature was 320C. Erev indicates reversal potential.
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The maximal concentration of PMA had been determined to be no more than 6 gtmol/L in an independent set of four experiments. In myocytes never previously exposed to either ISO or FSK, Ic, evoked at +50 mV was 4.0±1.1 pA/pF when exposed only to 6 itmol/L PMA (see Fig 2B) ; this value has been taken as 100% when subsequently reporting the normalized maximal current obtained at +50 mV in solutions containing PMA (6 ,umol induced current is predominantly carried by Cl-. When either 4aor 4,B-phorbol (6 ,umol/L) was substituted for the 6 ,mol/L PMA, the steady-state current was unchanged from that observed during control voltage clamps (Fig 3) . These latter findings are consistent with the results of the "time" controls reported in the previous section and provide further evidence that a stretchor swelling-induced Ic, did not occur under the present experimental conditions.
PMA-Induced Current Carried by Cl-Ions
If PMA-induced current is carried primarily by Cl, and SB shows an example myocyte in which the current induced by exposure to PMA (6 ymol/L) at membrane voltages between -100 and +60 mV could be :90% inhibited by 9-AC. The PMA-induced 9-AC-sensitive current, obtained by subtracting the current tracings obtained during exposure to 9-AC in the presence of PMA from the current tracings obtained in the presence of PMA alone, and its I-V relation are shown in Fig SB. The PMA-induced 9-AC-sensitive current was noninactivating and outwardly rectifying, reversed at :-38 mV, and closely resembled the PMA-induced lcI (compare Fig 5Aa with Fig 5Ba) . This finding suggests that the current blocked by 9-AC was PMA-induced ICI. On average, 0.1 mmol/L 9-AC blocked 48% (n=5) of the PMA-induced l1c (see Fig 3) . Therefore, because of its Cl--dependent nature and its sensitivity to 9-AC, PMAinduced current can be regarded as lc, conducted primarily by Clchannels. PKC Inhibitors Prevent PMA-Induced Activation of lc,
To determine whether PMA-induced lc, arises from effects that are mediated by PMA-induced activation of PKC, myocytes were preexposed to staurosporine or calphostin C, which are said to be selective inhibitors of PKC.21,22 Staurosporine (1 ,umol/L) or calphostin C (0.5
,gmol/L) was dialyzed from the patch pipette into the myocyte for 10 minutes, and then the myocyte was exposed to PMA (6 ,umol/L) applied externally. Fig 3 shows the normalized currents elicited by 100-millisecond pulses from Vh of -40 to +50 mV during extracellular exposure to PMA in the absence of and in the presence of one or the other of the PKC inhibitors (staurosporine or calphostin C). In the absence of prior exposure to PKC inhibitors, PMA induced a significant outward current that developed over a period of -20 minutes. After exposure to either PKC inhibitor, extracellularly applied PMA failed to induce significant outward current within the next 20 to 30 minutes ( Fig  3) . These results suggest that the production of PMA- mmol/L, respectively. The inward tail currents in A (left and center panels) could be partially inhibited by 1.0 ,mol/L tetrodotoxin; therefore, they probably are Na+ currents evoked by returning to the holding potential (-40 mV) following the hyperpolarizing pulses negative to -70 mV, which allowed recovery of some of the inactivated Na+ current. Temperature was 32°C.
induced feline 1,ns involved the same or physiologically and/or pharmacologically distinguishably different Clchannels was addressed by comparing the currents induced by PMA with those induced by FSK during comparable experimental conditions.
Example families of Icis induced in feline ventricular myocytes by exposure to ISO and to FSK are shown in millisecond voltage pulses from Vh of -40 mV to selected voltages ranging from -100 to +80 mV applied before (control) and during exposure to ISO (1 ,umol/L) for 5 minutes (Fig 6A, center panel) or FSK (10 ,umol/L) for 10 minutes (Fig 6B, center panel) . The ISO-induced (Fig 6A, right) and FSK-induced ( Fig 6B, right) currents were noninactivating, rapidly developing, steady-state currents that were indistinguishable in time course from the PMA-induced currents shown in Fig 2, and although larger, they are qualitatively similar to the ISOor FSK-induced lCI observed in guinea pig ventricular myocytes.5 Outward rectification has been described for both ISOand FSK-induced Il in guinea pig ventricular myocytes ii . Fig 7A) , the I-V curves for both the FSK-and the PMA-induced currents displayed outward rectification and reversed polarity at =-42 mV. However, when [Cl-], was 150 mmol/L (EC=0 mV, Fig 7B) , both the FSKand the PMA-induced currents exhibited I-V curves that were linear over the same broad range of voltage. In short, when either experimental condition was used, the I-V curves for both currents were indistinguishable from each other. This finding is consistent with the hypothesis either that the channels involved with the PMA-and FSK-induced currents are sets of similar channels or that the same set of channels conducts both types of feline Icl.
Ability of FSK to Induce IC Occluded by Maximal but Not Submaximal Concentrations of PMA If ISO (or FSK) and PMA activate two distinctly different sets of Cl-channels, an ISO-induced (or FSK-induced) current and a PMA-induced current, when both agonists are used together, should be at least partially additive irrespective of the concentration of either agonist (in the absence of significant nonspecific effects). However, if ISO (or FSK) and PMA activate the same set of Cl-channels, the result of exposing ventricular myocytes to both ISO (or FSK) and PMA simultaneously should depend on whether supramaximal or submaximal concentrations of each agonist are used. For example, exposure to a maximally effective concentration of PMA should prevent subsequently applied ISO or FSK from activating any additional channels, whereas exposure to a moderate submaximal concentration of PMA and then the addition of a submaximal concentration of ISO or FSK to the external solution should produce more Ic, than would occur during exposure to either PMA or ISO (or FSK) alone.
The results of four sets of experiments designed according to the above rationale are shown in the four panels in Fig 8. Myocytes were first exposed to a maximal concentration of ISO ( Fig 8A) or a submaximal concentration of FSK ( Fig 8B) to establish that they were responsive and would produce a significant lcI (the second bar); then the myocytes were returned to an ISO-free (or FSK-free) solution for at least 30 minutes to wash out at least a significant portion of this agonist-induced response. Next, the myocytes were exposed to a maximal concentration of PMA, and after the response to PMA reached steady state (third bar of Fig 8B) , the same concentration of ISO or FSK was added to the PMA-containing solution (fourth bar of Fig 8B) . When the concentration of PMA used produced the maximally induced IC (Fig 8A and 8B) , the addition of either a maximal concentration of ISO ( Fig  8A) or a submaximal concentration of FSK (ie, concentration causing 25% of the maximal response [EC25] to EC+J) ( Fig 8B) to the PMA-containing (maximal concentration) solution did not result in any additional IC despite the fact that each alone had been shown capable of producing significant Ic,. In contrast, when myocytes were simultaneously exposed to concentrations of both FSK and PMA, each of which alone could activate only :25% to 40% of the Ic, that could be maximally induced by PMA, the amplitude of lc, thus induced was significantly larger than that seen with either agonist alone, in the case of these experiments being approximately additive (Fig 8C) .
The design of the experiments summarized in Fig 8A  was the same as that for Fig 8B, except that the maximal concentration of ISO was used rather than FSK at EC25 to EC40. The advantage of using ISO rather than FSK for the experiments summarized in Fig 8A within 20 to 30 minutes (see Fig 9C and 9D ) so that the temporal overlap of the effects of a subsequently applied maximal concentration of PMA and the initially applied maximal concentration of ISO ( Fig 8A, second and third bars) would be as small as reasonably possible. In experiments summarized in Fig 8B and SC, myocytes were first exposed to 1 ,umol/L FSK to ascertain that this concentration could provoke a readily measurable lc, and that the effect of the FSK could be at least 50% reversed within a reasonable time span (ie, by 30 minutes) by washout with FSK-free solution (that this extent of washout was possible is supported by data shown in Fig 9A and 9B) . After the FSK effect had been at least half washed out, myocytes were then exposed to a maximally effective concentration of PMA (6 gmol/L) in a solution lacking FSK, and the steady-state level of IC in PMA alone was established ( Fig 8B) . Then, when 1 ,umol/L FSK was added to the PMA-containing solution, there was no further increase in the amplitude of lc, beyond that seen when the myocyte had been exposed to 6 ,umol/L PMA alone, even though an increase of at least half of the current previously seen in the presence of FSK alone should have been expected if FSK-induced lc, were additive with the current obtained when exposed to PMA alone ( Fig 8B) . In short, the result shown in Fig 8B is consistent with that shown in Fig 8A and also leads to the conclusion that maximal activation of lc, by PMA had prevented FSK from inducing any additional current.
The following possibilities were evaluated: (1) The first exposure to 1 ,umol/L ISO might have decreased the sensitivity of Ic, to a second exposure. (2) Because the second exposure was made in the presence of 6 ,umol/L PMA (eg, see Fig 8A) , the PMA may have altered the response to ISO. A myocyte was exposed to ISO (0.1 ,mol/L) to elicit approximately a two-thirds maximal ISO-induced lc, and then washed in ISO-free external solution for 20 minutes (Fig 9C) . The reason for using ISO at 0.1 ,umol/L rather than 1 ,umol/L for these experiments was to increase the sensitivity of the assay by "working" on the steep segment of the lcI versus log [ISO] curve. Then the myocytes were again exposed to the ISO and found to elicit virtually an identical-sized lc, during clamp steps from -40 to +50 mV ( Fig 9C) . When the effect of 6 ,umol/L PMA to induce Ic, was inhibited by adding calphostin C (500 nmol/L) to the internal solution (to inhibit PMAinduced activation of PKC with a time course having its onset in~10 minutes and being nearly fully developed in 20 to 30 minutes), the effect of a second exposure to ISO (0.1 ,umol/L) made 30 minutes after the first exposure to ISO was also unchanged from that of the first exposure to ISO and was significantly larger than that observed after washout with an ISO-free solution for 30 minutes (Fig 9D, P<.05, n=3 ). These two control findings reinforce one another and suggest that an appropriate interpretation of Fig 8A is that maximal concentrations of ISO and PMA applied simultaneously induced the same amount of IC as was induced by a maximal concentration of either ISO or PMA when each was applied alone.
The possibilities that the steady-state response after a second exposure to a submaximal concentration of FSK (1 ,mol/L; ie, an EC causing =60% maximal response [:EC6o] to EC70) might be altered by the first exposure to FSK or by simultaneously exposing the myocytes to 6 ,umol/L PMA were similarly assessed, except that for this series of experiments, staurosporine (50 nmol/L) was used instead of calphostin C. The results of these control experiments involving FSK were qualitatively identical to those involving ISO and suggest that the simultaneous exposure to a submaximal concentration of FSK and a maximal concentration of PMA can induce no more Ic, than that induced by a maximal concentration of PMA alone.
The possibility that the effect of FSK was not mediated via a cAMP-dependent pathway presumably leading to the activation of PKA was assessed by using ddFSK in place of FSK during a series of experiments ( Fig 8D) mimicking those summarized in Fig 8C. The -.N z findings show that simultaneous exposure to a submaximal concentration of PMA (0.5 ,gmol/L) and ddFSK (10 ,umollL) induced no more lc, than had been induced by the PMA alone. However, when the membranepermeable cAMP analogue 8-(4-chlorophenylthio)-cAMP (10 ,mol/L) was added to the PMA-and ddFSKcontaining external solution, the size of lc, increased significantly (P<.05, n=5) over that seen in PMA plus ddFSK ( Fig 8D) . This set of experiments also confirms the findings summarized in Fig 8C, suggesting that the effect on Ic, of submaximally activating the PKA-and PKC-dependent mechanisms for inducing IC simultaneously is greater than submaximally activating either mechanism alone. This latter finding also supports the idea that if PMA and ISO were to have activated different sets of channels, simultaneous exposure to maximal concentrations of PMA and ISO should have produced more lcI than that produced during exposure to either one alone.
Therefore, the results summarized in Fig 8, when considered together with those in Fig 9, are consistent with the hypothesis that both PMA and ISO or FSK activate the same set of Clchannels and are inconsistent with the idea that ISO or FSK activates a set of Clchannels that is different from the set activated by PMA. It is also important to notice in Fig 8A that maximal concentrations of both ISO and PMA, when each is applied alone, induced the same size Icl. This finding suggests that PKA and PKC can mediate the activation of the same set of Clchannels with essentially equal efficacy. Harvey and Hume5 found that ISO-induced lc, occurred in only -70% of guinea pig ventricular myocytes. Although the current density of the maximal PMAinduced lc, expressed in terms of picoamperes per picofarad of membrane capacitance varied widely, a PMA-induced Ic, that could be easily distinguished from the Cs+and Ba`+-insensitive "background" leak current (see Fig 1A) , by virtue of its steady-state size, was found in only :"76% (57 of 75) of the feline ventricular myocytes. This frequency of occurrence of the PMAinduced IC is approximately the same as that of ISOor FSK-induced IcI (76.8% [142 of 185] of the feline ventricular myocytes). If the hypothesis that ISO-induced and PMA-induced Icls are conducted by the same set of Cl-channels is correct, all myocytes that can elicit the PMA-induced current should elicit an ISOor FSK-induced current, and conversely, all myocytes that elicit little or no PMA-induced current should elicit little or no ISOor FSK-induced current. Fig 10 indi cates that this indeed was the case. Three agonistinsensitive myocytes, which elicited only 4.6% of the mean current induced by 6 gmol/L PMA in myocytes sensitive to both ISO and PMA when they were exposed to 6 ,umol/L PMA, also elicited only 2.5% of the mean response seen in nine ISOand PMA-sensitive myocytes during exposure to 1 gmol/L ISO. None of the cells that were insensitive to FSK or ISO were sensitive to PMA, none of the cells that were insensitive to PMA were sensitive to either ISO or FSK, and all myocytes (39 of 39) sensitive to ISO or FSK were also sensitive to PMA. These findings are also consistent with and reinforce the hypothesis that PMA-and ISO-induced Icis are conducted by the same set of Cl-channels. unresponsive to the effect of phorbol 12-myristate 13-acetate (PMA) to induce lc,. The bar graph represents the normalized membrane current obtained by subtracting the currents obtained by 1 00-millisecond voltage-clamp pulses to +50 mV from a holding potential of -40 mV (see inset) before exposure to each treatment from those obtained during exposure to each treatment (6 gmol/L PMA and 1 ,umol/L ISO). The mean response induced by 6 gmol/L PMA in cells also responsive to ISO or forskolin was taken as 100%. The histogram bars and error bars are mean±SEM; n indicates the number of experiments.
Discussion
It is not clear from findings in guinea pig ventricular myocytes if Icls induced by ISO and by PMA are conducted by the same set or two different sets of Clchannels.123 However, the findings presented in this study suggest that at least in cat ventricular myocytes, a single set of Cl-channels is involved with both the current induced by ISO (or FSK) and the current induced by PMA. Both agonist-induced currents achieved a maximal level very rapidly (ie, within 2 to 3 milliseconds), which, because neither inactivated to any detectable extent, was the steady-state level. Both normally exhibited essentially identical outwardly rectifying I-V relations. Both had Erevs that approximated Ec, and tracked EcB closely when EcB was changed, regardless of whether the change involved the internal or external concentrations of Cl-. Conditions that linearized the I-V curve of the FSK-induced current (eg, [Cl-]i=150 mmol/L rather than 22 or 40 mmol/L with the balance being glutamate ion) did the same for the PMA-induced current. Both currents were similarly sensitive to the Clchannel blocker 9-AC, and both blocker-sensitive currents exhibited very similar I-V curves. We have previously reported two experiments in an abstract'4 that showed whereas 0.1 mmol/L 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) failed to inhibit PMAinduced Ic, 1.0 mmol/L DIDS did inhibit the current evoked during clamps from -40 to +50 mV by -50% in one case and ;:85% in the other. We also found that 1.0 mmol/L DIDS inhibited~'80% of the FSK-induced current in one other experiment.14 The finding in cat myocytes with 0.1 mmol/L DIDS is consistent with findings in guinea pig myocytes using 0.1 mmol/L 4,4'dinitrostilbene-2,2'-disulfonic acid. 24 These findings suggest that if both currents are not conducted by the same set of Cl-channels, the involved channels are at least very similar to one another.
However, the question of whether the channels involved with both forms of feline l1c could indeed be the same appears to be resolved by the findings obtained when both PMA and FSK were applied simultaneously. When distinctly submaximal concentrations of both PMA and FSK were applied, the amplitude of the thus-induced lCI was greater than when the same concentrations of either compound were applied alone; yet when a maximal concentration of PMA activated all of the PMA-induced lcI possible, the addition of a concentration of ISO or FSK that in the absence of PMA had been shown to produce significant Ic, produced no additional Icl-These are the results expected if both currents involve the same set of Cl-channels. If each current involved a different set of channels, such a result would be highly unlikely unless the maximal concentration of PMA somehow had completely inhibited the ability of FSK to activate the PKA-dependent pathway involved in the regulation of Icl. This possibility was assessed by examining whether PMA could alter the response of Ic, to FSK. The results of this test (see Fig  9A and 9B) suggest that under the particular conditions of the experiments reported in this communication, it is unlikely that PMA can directly inhibit the effect of FSK to activate PKA. This conclusion was further evaluated using the FSK-induced L-type Ilc as the assay (staurosporine not present); again no evidence was obtained to indicate that PMA (in concentrations as high as 6 gmol/L) could inhibit the FSK-induced enhancement of ICa (data not shown). This latter conclusion concerning 'Ca is not free of reservation because, although it appears that phorbol ester has virtually no effect on L-type ICa,4 this view is not universally accepted.23'25'26 However, our finding regarding 'Ca in feline ventricular myocytes is consistent with the findings depicted in Fig   9B and 9D for Ici.
Although anticipated, the control finding that a second application of FSK produced approximately the same peak response as that obtained by the same concentration applied 30 minutes earlier ( Fig 9A) was nonetheless important to interpret the findings depicted in Fig 8. Similarly, the analogous finding that a second application of ISO produced the same peak lc, as the first applied 20 minutes earlier ( Fig 9C) was also an important control, because it suggested that an anticipated desensitization of ,3-adrenergic receptors did not complicate the interpretation of the results depicted in Fig 9D (or Fig 8A) and further suggests that, again, under the experimental conditions used for the present study, PMA did not alter the sensitivity of myocytes to ISO. These findings suggest that the explanation offered earlier for the results shown in Fig 8 ( ie, that only a single set of Cl-channels is involved in both the
PMA-induced and the ISO-induced [or FSK-induced]
Ici) is the most appropriate conclusion.
The conclusion that feline cardiac Clcan be activated via pathways involving either PKA or PKC is different from the conclusion reached by Walsh and Long'2 based on their findings in guinea pig cardiac ventricular myocytes. They found that the maximal PMA-induced Ic, in myocytes dialyzed with rabbit and rat brain a-PKC was increased slightly by 1 gmol/L FSK.12 However, the FSK-induced increase in ICI was almost five times larger when myocytes were dialyzed with heat-inactivated PKC.12 In essence, the effect of FSK, while greatly attenuated during a presumably maximal response to phorbol 12,13-dibutyrate, was not with feline myocytes using PMA. Although our experiments were done at --32°C and the experiments on guinea pig myocytes were done at 22°C to 24°C, the reason for this difference between the findings in cat and guinea pig myocytes is not clear. However, if a truly maximal response to the phorbol ester had not been achieved during the guinea pig experiments, such a result would be consistent with our findings in feline cells and would be consistent with our conclusion.
It is also quite possible that the characteristics of the Cl-channels conducting lcI in feline and guinea pig ventricular myocytes are actually different. There are a number of readily apparent differences in the electrophysiology of cat and guinea pig ventricular myocytes. Most notable is the nearly one order of magnitude greater size of the feline phorbol ester-induced lcI over the entire range of membrane voltage between at least -100 and +80 mV; also, the I-V curve for the guinea pig current mediated by the endogenous PKC is linear,13 whereas in the cat it is outwardly rectifying (see Fig 2) . Guinea pig myocytes also exhibit a rather large delayed outwardly rectifying IK in response to activating either PKA or PKC,4 which in feline ventricular myocytes is at least an order of magnitude smaller. This large IK may interfere with the quantification of Ic, in guinea pig myocytes if it is not fully inhibited by the experimental conditions. Despite the differences between the feline and guinea pig Ich, they are similar in many respects. In both cat and guinea pig myocytes, the ISO-induced lCI and the FSK-induced I are kinetically indistinguishable from each other5-9,13 1 except for their size with the cat c1c, again being approximately an order of magnitude larger. Both were inhibited by 9-AC, although cat lc was apparently more sensitive, the Kd for cat being aa0.1 mmol/L (see Fig 3) and aa1.0 mmol/L for guinea pig.12 Neither Ic, was sensitive to stilbene derivatives in concentrations of 0.1 mmol/L12,14; however, the feline current could be rather effectively inhibited by 1.0 mmol/L DIDS.14 It is also interesting that neither feline (Fig 1) nor guinea pig ventricular myocytesl2 exhibited any evidence of a patch-duration-dependent swellinginduced Ic, resembling the current that has been described for canine atrial myocytes. 20 The notion that an ion channel can be regulated by either a PKAor a PKC-mediated second-messenger system or by both simultaneously is not unique to the feline cardiac Cl-channel and Icl. The amplitude of the outward 'K conducted by the delayed outward rectifier channel has been shown to be modulated by secondmessenger-mediated activation of either PKA or PKC or both in ventricular myocytes.41127 The functional activity of Cl-channels in airway epithelial cells also appears to be modulated by second-messenger systems that involve either or both PKA and PKC.28-30 Exposure of airway epithelia to either 632-adrenergic agonists or to PKC activators such as PMA can increase Cl-flux above the basal level.24-26 Therefore, dual regulatory systems for Clchannels are not uncommon in nature.
The findings that the response to a maximal concentration of ISO can be occluded by a concentration of PMA that also maximally activates lc, and that the same size lc, was elicited in response to exposure to a maximal concentration of either agonist applied alone may have implications beyond the conclusion that a single type of completely eclipsed as it had been in our experiments Cl-conductance underlies both PMA-and FSK-in-Zhang et al PKA-and PKC-Mediated lc, 143 duced Icn. Current ideas about the roles of PKA and PKC in the modulation of transsarcolemmal ionic currents and their underlying conductance channels suggest that these kinases are involved with phosphorylating channel protein at certain sites in the molecule and that the phosphorylated channel's conductance, voltage dependence, or gating kinetics may then be modified in some manner. If most sites on the Cl-channel protein that can be phosphorylated by PKA are different from those that can be phosphorylated by PKC, with at most only a few that can phosphorylated by either kinase, the present data would imply that only a portion of the sites must be phosphorylated to obtain a maximal response and that the channel is not particularly fastidious about which sites are phosphorylated. Verification of such a hypothesis and of the hypothesis central to the present study (ie, that ISO and PMA activate a common set of channels) awaits development of a technique or preparation that would make recording single cardiac Clchannel currents from single-channel patches routinely possible. The feline ventricular myocyte might be an appropriate preparation for the attempt because, assuming similar single-channel conductances, the channel density of agonist-inducible Cl-channels may be much greater in cat than in guinea pig myocytes because the feline cardiac whole-cell lc, density appears to be severalfold larger than that in guinea pig myocytes. The present study suggests that both the FSK-induced and the PMA-induced lCI elicited by feline ventricular myocytes closely resemble the ISOand FSKinduced IC, observed in guinea pig ventricular myocytes. In contrast, however, neither feline current seems to resemble the guinea pig PMA-induced current mediated by the endogenous PKC because of the fairly linear appearance of the I-V curve reported for the latter.12 If the guinea pig has the ability to elicit two separate distinctly different Icis and the cat has only a single IcI modulated by both PKA-and PKC-dependent pathways, the question of which is the unique species is of some importance. The question of which is the case for the human heart could have important bearing on our understanding of the electrophysiology of the human heart and the ionic basis of cardiac rhythm disturbances.
